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Identification of Top Quarks at CDF using Kinematic Variables

'Abstract

We have used a kinematic technique to distinguish top quark pair production from
background in pj collisions at /s = 1.8 TeV, applied to 67 pb~! of data. We define a
sample of W+ > 3 jet events in which the jets are produced at large angles relative to
the incident beams. In this sample, we find an excess of events with large jet transverse
energies relative to expectations from background. The excess is consistent with top
production; a large fraction of events in this kinematic region contains b jets. We

interpret these results as evidence that most of the selected events are from ¢ decay.

The CDF Collaboration

F. Abe,'* H. Akimoto,3? A. Akopian,?’” M. G. Albrow,” S. R. Amendolia,?! D. Amidei,!”
J. Antos,?® C. Anway-Wiese,* S. Aota,3? G. Apollinari,?” T. Asakawa,3? W. Ashmanskas,'®
M. Atac,” P. Auchincloss,?® F. Azfar,2? P. Azzi-Bacchetta,?! N. Bacchetta,?!

W. Badgett,!” S. Bagdasarov,?” M. W. Bailey,!° J. Bao,3® P. de Barbaro,26
A. Barbaro-Galtieri,!® V. E. Barnes,?® B. A. Barnett,!? P. Bartalini,?* G. Bauer,'®
T. Baumann,® F. Bedeschi,?* S. Behrends,® S. Belforte,?* G. Bellettini,?* J. Bellinger,**
D. Benjamin,3' J. Benlloch,'® J. Bensinger,® D. Benton,?? A. Beretvas,” J. P. Berge,”
S. Bertolucci,® A. Bhatti,?” K. Biery,!2 M. Binkley,” D. Bisello,?! R. E. Blair,!

C. Blocker,®> A. Bodek,?® W. Bokhari,!® V. Bolognesi,?* D. Bortoletto,?5 J. Boudreau,??
G. Brandenburg,® L. Breccia,? C. Bromberg,'® E. Buckley-Geer,” H. S. Budd,?®
K. Burkett,!” G. Busetto,?! A. Byon-Wagner,” K. L. Byrum,' J. Cammerata,'?

C. Campagnari,” M. Campbell,!” A. Caner,” W. Carithers,!® D. Carlsmith,>* A. Castro,?!

D. Cauz,?* Y. Cen,2® F. Cervelli,?* H. Y. Chao,?° J. Chapman,!” M.-T. Cheng,?°



G. Chiarelli,?* T. Chikamatsu,3? C. N. Chiou,?® L. Christofek,'! S. Cihangir,”
A. G. Clark,2* M. Cobal,2* M. Contreras,? J. Conway,?® J. Cooper,” M. Cordelli,?
C. Couyoumtzelis,?* D. Crane,! D. Cronin-Hennessy,® R. Culbertson,’
J. D. Cunningham,® T. Daniels,'® F. DeJongh,” S. Delchamps,” S. Dell’Agnello,**
M. Dell’Orso,2 L. Demortier,2” B. Denby,?* M. Deninno,? P. F. Derwent,!” T. Devlin,?
M. Dickson,?® J. R. Dittmann,® S. Donati,?* R. B. Drucker,!® A. Dunn,'” N. Eddy,!”
K. Einsweiler,'® J. E. Elias,” R. Ely,'® E. Engels, Jr.,23 D. Errede,!! S. Errede,!! Q. Fan,®
I. Fiori,? B. Flaugher,” G. W. Foster,” M. Franklin,® M. Frautschi,'? J. Freeman,”
J. Friedman,'® H. Frisch,® T. A. Fuess,! Y. Fukui,'* S. Funaki,?? G. Gagliardi,*
S. Galeotti,2* M. Gallinaro,?! M. Garcia-Sciveres,'® A. F. Garfinkel,2® C. Gay,” S. Geer,’
D. W. Gerdes,!” P. Giannetti,?* N. Giokaris,?” P. Giromini,® L. Gladney,??

D. Glenzinski,!> M. Gold,'® J. Gonzalez,?? A. Gordon,® A. T. Goshaw,® K. Goulianos,?”
H. Grassmann,”™ L. Groer,?8 C. Grosso-Pilcher,” G. Guillian,'” R. S. Guo,?® C. Haber,'®
S. R. Hahn,” R. Hamilton,® R. Handler,3* R. M. Hans,?® K. Hara,?? B. Harral,??

R. M. Harris,” S. A. Hauger,® J. Hauser,* C. Hawk,?® E. Hayashi,?? J. Heinrich,??

M. Hohlmann,'® C. Holck,22 R. Hollebeek,?? L. Holloway,!! A. Hélscher,'? S. Hong,!”
G. Houk,??2 P. Hu,?® B. T. Huffman,?® R. Hughes,?® J. Huston,'® J. Huth,® J. Hylen,”

H. Ikeda,3? M. Incagli,?* J. Incandela,” J. Iwai,?? Y. Iwata,'® H. Jensen,” U. Joshi,”
R. W. Kadel,!% E. Kajfasz,”® T. Kamon,?® T. Kaneko,?? K. Karr,23 H. Kasha,?"
Y. Kato,20 L. Keeble,® K. Kelley,'s R. D. Kennedy,?® R. Kephart,” P. Kesten,!®
D. Kestenbaum,® R. M. Keup,!! H. Keutelian,” F. Keyvan,? B. J. Kim,?® D. H. Kim,™®
H. S. Kim,'? S. B. Kim,'” S. H. Kim,*? Y. K. Kim,!® L. Kirsch,® P. Koehn,*® K. Kondo,*?
J. Konigsberg,® S. Kopp,® K. Kordas,'? W. Koska,” E. Kovacs,”® W. Kowald,®
M. Krasberg,'” J. Kroll,” M. Kruse,?* T. Kuwabara,*? S. E. Kuhlmann,! E. Kuns,?®
A. T. Laasanen,?® N. Labanca,?* S. Lammel,” J. I. Lamoureux,? T. LeCompte,'!
S. Leone,?* J. D. Lewis,” P. Limon,” M. Lindgren,* T. M. Liss,!! N. Lockyer,?2 O. Long,*?
C. Loomis,?® M. Loreti,?! J. Lu,®° D. Lucchesi,?* P. Lukens,” S. Lusin,* J. Lys,'®

K. Maeshima,” A. Maghakian,?” P. Maksimovic,'® M. Mangano,?* J. Mansour,!®



M. Mariotti,?! J. P. Marriner,” A. Martin,!! J. A. J. Matthews,'® R. Mattingly,!®
P. McIntyre,3° P. Melese,2” A. Menzione,?* E. Meschi,?* S. Metzler,2? C. Miao,!”
G. Michail,® S. Mikamo,!4 R. Miller,'® H. Minato,3? S. Miscetti,® M. Mishina,'*
H. Mitsushio,3? T. Miyamoto,3? S. Miyashita,3? Y. Morita,'¢ J. Mueller,2> A. Mukherjee,’
T. Muller,* P. Murat,?* H. Nakada,?? I. Nakano,? C. Nelson,” D. Neuberger,*

C. Newman-Holmes,” M. Ninomiya,3? L. Nodulman,' S. Ogawa,3? S. H. Oh,® K. E. Ohl,33
T. Ohmoto,!° T. Ohsugi,'® R. Oishi,?? M. Okabe,*? T. Okusawa,?’ R. Oliver,?? J. Olsen,*
C. Pagliarone,? R. Paoletti,?* V. Papadimitriou,®' S. P. Pappas,3® S. Park,” J. Patrick,’
G. Pauletta,2* M. Paulini,!® L. Pescara,?! M. D. Peters,!® T. J. Phillips,® G. Piacentino,?
M. Pillai,?6 K. T. Pitts,” R. Plunkett,” L. Pondrom,3* J. Proudfoot,! F. Ptohos,’

G. Punzi,>* K. Ragan,'? A. Ribon,?! F. Rimondi,? L. Ristori,?* W. J. Robertson,®
T. Rodrigo,”® J. Romano,® L. Rosenson,'¢ R. Roser,!! W. K. Sakumoto,?® D. Saltzberg,’
L. Santi,?* H. Sato,3? V. Scarpine,?® P. Schlabach,’ E. E. Schmidt,” M. P. Schmidt,?
G. F. Sciacca,?? A. Scribano,?* S. Segler,” S. Seidel,'® Y. Seiya,3? G. Sganos,!?

A. Sgolacchia,? M. D. Shapiro,'® N. M. Shaw,?® Q. Shen,? P. F. Shepard,®
M. Shimojima,3? M. Shochet,® J. Siegrist,!> A. Sill,3! P. Sinervo,!? P. Singh,?3 J. Skarha,!?
K. Sliwa,33 D. A. Smith,?* F. D. Snider,'® T. Song,!” J. Spalding,” P. Sphicas,'®
L. Spiegel,” A. Spies,'® L. Stanco,?! J. Steele,>* A. Stefanini,?* K. Strahl,!? J. Strait,” D.
Stuart,” G. Sullivan,® A. Soumarokov,?® K. Sumorok,'® J. Suzuki,3? T. Takada,3?

T. Takahashi,2® T. Takano,?? K. Takikawa,?? N. Tamura,'° F. Tartarelli,>* W. Taylor,'?
P. K. Teng,?® Y. Teramoto,%’ S. Tether,'® D. Theriot,” T. L. Thomas,'® R. Thun,!”
M. Timko,3® P. Tipton,?® A. Titov,%” S. Tkaczyk,” D. Toback,’ K. Tollefson,2®
A. Tollestrup,” J. Tonnison,?® J. F. de Troconiz,® §. Truitt,'” J. Tseng,'® N. Turini,?*
T. Uchida,3? N. Uemura,?? F. Ukegawa,?? G. Unal,?? S. C. van den Brink,? S. Vejcik,
IL!7 G. Velev,2* R. Vidal,” M. Vondracek,'! D. Vucinic,'® R. G. Wagner,! R. L. Wagner,”
J. Wahl,® R. C. Walker,?® C. Wang,® C. H. Wang,?® G. Wang,?* J. Wang,® M. J. Wang,?°
Q. F. Wang,?” A. Warburton,'? G. Watts,?® T. Watts,”® R. Webb,3° C. Wei,® C. Wendt,**

H. Wenzel,'> W. C. Wester, ITI,” A. B. Wicklund,' E. Wicklund,” R. Wilkinson,??



H. H. Williams,?? P. Wilson,® B. L. Winer,?® D. Wolinski,!” J. Wolinski,3® X. Wu,?*
J. Wyss,?! A. Yagil,” W. Yao,!® K. Yasuoka,3? Y. Ye,!? G. P. Yeh,” P. Yeh,?° M. Yin,®

. Yoh,” C. Yosef,'® T. Yoshida,?® D. Yovanovitch,” I. Yu,?® J. C. Yun,” A. Zanetti,?*

]

F. Zetti,?* L. Zhang,>* W. Zhang,?? and S. Zucchelli?

(CDF Collaboration)

1 Argonne National Laboratory, Argonne, Illinois 60439
2 Istituto Nazionale di Fistca Nucleare, University of Bologna, 1-40126 Bologna, Italy
3 Brandets University, Waltham, Massachusetts 02254
4 Untversity of California at Los Angeles, Los Angeles, California 90024
5 University of Chicago, Chicago, Illinois 60637
6 Duke Untversity, Durham, North Carolina 27708
7 Ferms National Accelerator Laboratory, Batavia, Illinots 60510
8 Laborators Nazionali di Frascatt, Istituto Nazionale di Fisica Nucleare, 1-00044 Frascats, Italy
9 Harvard University, Cambridge, Massachusetts 02138
10 Hiroshyma University, Higashi- Hiroshima 724, Japan
11 University of lllinois, Urbana, Illinois 61801
12 Institute of Particle Physics, McGill University, Monireal H3A 2T8, and Unwversity of Toronto,
Toronto M5S 1A7, Canada
13 The Johns Hopkins University, Balttmore, Maryland 21218
14 National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan
15 awrence Berkeley Laboratory, Berkeley, California 94720
16 Massachusetts Institute of 'I.'cchnology, Cambridge, Massachusetts 02139
17 University of Michigan, Ann Arbor, Michigan 48109
18 Michigan State Universily, East Lansing, Michigan {8824
19 University of New Mezico, Albuguerque, New Mezico 87131
20 Osaka City University, Osaka 588, Japan

21 Universita di Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy



2 Universily of Pennsylvania, Philadelphia, Pennsylvania 19104
23 University of Pittsburgh, Pittsburgh, Pennsylvania 15260
24 Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, 1-56100 Pisa, Italy
25 purdue Unitversity, West Lafayette, Indiana 47907
26 University of Rochester, Rochester, New York 14627
27 Rockefeller University, New York, New York 10021
28 Rutgers University, Piscataway, New Jersey 08854
29 pcademia Sinica, Taipei, Taiwan 11529, Republic of China
30 Texas AEBM University, College Station, Tezas 77843
31 Tezas Tech Unsversity, Lubbock, Texas 79409
32 University of Tsukuba, Tsukuba, Ibaraki 305, Japan
33 Tufts University, Medford, Massachusetis 02155
34 University of Wisconsin, Madison, Wisconsin 53706

35 Yale University, New Haven, Connecticut 06511

PACS number(s) : 14.65 Ha, 13.85 Ni, 13.85 Qk



At the Tevatron Collider, Standard Model top quarks predominantly are produced in
pairs, and decay as follows : tf — WTbW b, where W is the intermediate vector boson,
and b represents a b—quark that generates a hadron jet. Events in which both W's decay
leptonically (W — ew,ur), are called dilepton events. Events in which one W decays

leptonically and the other hadronically (W — gg’, where g and ¢’ represent light quarks), are

of the top quark based on an excess of dilepton events and lepton + jet events compared to
the expected background [1], [2]. In this paper we report the results of a simple technique
which selects top production based on the kinematics of the events, i.e. using the transverse
energies of the observed jets [3]. Initial results from this approach were reported in [4], but
with a data sample from 19.3 pb~! of integrated luminosity compared with 67 pb~! for this
study.

The CDF detector is described elsewhere [5]. It features charged particle tracking
in a solenoidal magnetic field, surrounded by calorimeters with approximately 47 coverage

and muon chambers.

We select candidate tf events in the electron or muon + jets channel as follows: Events
containing a W that decayed to an electron or muon are selected by requiring an electron
with transverse energy E$>20 GeV, or a muon with transverse momentum, Py >20 GeV/c.
In addition we require missing transverse energy, Er>25 GeV (signaling the presence of
a neutrino from the W decay), and the transverse mass of the lepton and missing energy
, M7 > 40 GeV/c? [6]. We further require that candidate events contain at least three
jets with transverse energy Er(jet)>20 GeV and with |n(jet)| < 2.0. The three jets are
required to be separated from each other by AR > 0.7, where AR is the distance in the 7, ¢
plane. Jets are reconstructed within a cone of radius R=0.4 around the calorimeter energy
cluster centroid [7]. Jet energies (and therefore E7) are corrected by a pseudorapidity-
and energy—dependent factor, which accounts for calorimeter non-linearity and reduced re-

sponse at detector boundaries. With these requirements, the sample contains 158 events [8].



The expected jet Er distributions for top events are computed with the HERWIG
Monte Carlo [9] program, as in Ref. [4], using M;,,=170 GeV/c2[10]. The expected W+
jets background distributions are computed with the VECBOS Monte Carlo program [11]
with W + 3 jets matrix elements and HERWIG jet fragmentation. VECBOS predictions
are found to be in good agreement with the jet Er distributions in W+ > 1 jet, W4 > 2
jet and Z+ jet events , and with the angular distribution of jets in W+ > 2 jet events [4].
Jets from tt decay are expected to be emitted at larger angles (8) than those from directly
produced Ws with associated jets. Therefore we select a “signal sample” of W+ > 3 jet
events by requiring all three highest Er jets to have |cos6*(jet)] < 0.7, where 8* is the
jet polar angle in the rest system of the lepton, Er and all jets with E7 > 15 GeV [12].
Events which fail the 6* cut form a background—-enriched “control sample”. There are 47
events in the signal sample and 111 in the control sample. Monte Carlo studies indicate
that the signal and control samples should contain about the same number of top events,
while the contribution from direct W+jet production in the signal sample is expected to
be approximately three times smaller than in the control sample. The reducéd systematic
errors associated with the smaller background should improve the sensitivity of the analysis.

We use the E7 of the second and third highest E7 jets to calculate a “relative like-
lihood” (L) for each event, as a measure of whether the event is more “top-like” or more
“ QCD background-like”. The relative likelihood is defined in terms of the Monte Carlo
predicted jet Er distributions 4 e for tt (for a given top mass), normalized to unit area,

and the same quantity for direct (QCD) W+jet production.

1 dott 1 do )

I = ot dETy )(_r'dEn 1

L doaCD (1)
o@CD dEq, )(UQCD dEr3 )

[13]. The relative likelihood allows a comparison of each individual event to the expectation
for QCD and for top in terms of a single number. When L > 1 (i.e. In(L) > 0) the event

is more top-like than QCD-like, and vice versa. We note that this comparison does not



depend on absolute rate predictions but rather depends on differences in the predicted
shapes of the jet Er distributions. In figure 1(a) we show the expected In(L) distributions
for Monte Carlo t¢ (with M'°P = 170 GeV /c?) and direct W+ jet events in the signal sample.
In figure 1(b) we show the data sample. The Monte Carlos predict that 22+5% of direct

~ bl

0. However, we observe 25 events at In(L) < 0 and 22

—~
=

N’
\Vs

events at In(L) > 0. This result is similar to that observed previously with 19.3pb~! of
data in [4]. We have evaluated backgrounds from non-W and WW events in the same way
as in Ref. [4]. The estimated total number of these events in the signal sample is 8.142.0.
These background events are expected to have jet E7 distributions for the second and third
highest E7 jet which are softer than the VECBOS prediction for QCD W+ jets production.
As a result this background is expected primarily at In(L) < 0. Conservatively, in what
follows we use the QCD background shape to represent the shape of all background.

If we make the conservative assumption that all events at In(L) < 0 are background
and normalize the expected background distribution to the observed events with In(L) < 0,
we expect 7.1+2.1 events at In(L) > 0 compared to 22 observed. If the entire signal sample
were background, then allowing for systematic uncertainties (Q? scale in QCD Monte Carlo,
jet energy scale as in [4]) we obtain a probability of less than 0.26% that the 47 events of
the signal sample would be distributed with at least 22 events at In(L) > 0.
Figure 2(a) shows the control sample In(L) distributions for Monte Carlo tf and directly

produced W+ jet events. In figure 2(b) we show the In(L) distribution of the data. There

are 79 events at In(L) < 0 and 32 at In(L) > 0.

In order to extract the top content of the sample, we perform a two component fit to
the observed signal and control sample In(L) distributions using the Monte Carlo predictions
for the shape of the tf and QCD In(L) spectra. For VECBOS we use both the predictions
based on Q* = M, (harder Er(jet) spectra) and Q? = < Pr >? (softer Ez(jet) spectra);
< Pr > is the average Pt of all partons in the event. For the signal sample the fit yields

18.0+5.5 (18.8+5.4) top events for Q% = M%, (Q? = <P71>2%). The fitted content of tf
w




events in the signal sample is consistent with the ¢f production cross section reported in [1].
For the control sample the two component fit yields 0.8+8.1 and 14.5+8.1 top events for
Q? = M%, and Q% = < Pr >? respectively. The strong dependence on Q? of the estimated
top content in the control sample results from the larger background in this sample. The
results show that the data are not inconsistent with the expectation that the control sample
and signal sample contain a comparable number of ¢{ events.

The CDF detector is equipped with a silicon vertex detector (SVX [15]) with which
we can measure the impact parameter of charged tracks to a precision of ~ 10 pym. A
tagging algorithm [1] identifies b—quark jets by reconstructing their decay vertices and their
distances from the primary event vertices (SVX tags). A second technique tags b-quark jets
by searching for additional leptons from semileptonic b decay (SLT tags [1]). In figure 1(b)
the shaded area indicates events with jets tagged by the SVX or SLT. The darker area
indicates events with more than one SVX or SLT tag. There are 13 SVX tags (all at In(L)
> 0) in 8 events compared to 2.80£0.35 (1.3740.17 for In(L) > 0) SVX tags expected, if all
events were background. In the In(L) > 0 region, the probability that the observed tags are
due to a statistical fluctuation of the background is less than 1x10~* [14]. Using the SLT
tagging algorithm, which has worse signal-to—background, we observe 11 SLT tags with an
expected background of 5.61+0.8. In the control sample, we observe 5 SVX tags in 4 events
compared to an background estimate of 4.10+0.44, and 9 SLT compared to an expected
background of 8.1+1.2.

As a consistency check we compare the number of observed SVX tagged events in the
signal and control samples with what we expect from the top content of the samples. The
top content is estimated from the two component fits to the In(L) distributions. Multiplying
this by the SVX tagging efficiency[16] and adding the expected tags from background yields
the expected number of SVX tagged events. The results of this comparison are shown
in Table 1. Predictions are shown for the two different Q? choices used to simulate the
VECBOS background shapes for the two component fits. The agreement between expected

and observed tags is good. We note however that the number of SVX tags observed in the
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Figure 1: (a) VECBOS QCD and HERWIG (M;,, = 170 GeV/c?) top Monte Carlo predicted
distributions for the W+ > 3 jet signal sample. Both distributions are normalized to one;
Q? = M?, is used in the VECBOS calculation; (b) Data; the shaded area indicates the
b-tagged events from SVX and SLT; the darker area indicates events with more than one
SVX or SLT tag.
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Figure 2: Same as in figure 1, for the control sample.
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from ¢t Monte Carlo.

control sample indicates that the top fraction in this sample may be lower than expected

tt events | Exp. number of | Exp. number of | Observed
Sample from fit tagged events tagged events | SVX tagged
from backg. tt + backg. events
Signal (Q*=M%)) 18.0+5.5 1.71£0.2 9.6+£2.6 8
Signal (Q?=<Pr>?) | 18.8+5.4 1.740.2 10.0+2.6 8
Control (Q?=M%,) 0.848.1 4.140.4 4.443.0 4
Control (Q?=<Pr>?) | 14.548.1 3.6+0.4 8.84+3.0 4

Table 1: Comparison of the numbers of observed SVX tagged events in the signal and
control samples with those expected based on the top content of the samples. The top
content is estimated from a two component fit of top and QCD background to the In(L)
distributions. The expected number of tagged events from background is modified based on
the estimated ¢t content of the sample. Comparisons are shown for two different Q2 choices
used to simulate the VECBOS background shapes.

In summary, we observe an excess of events with kinematics as expected for a heavy
top quark, compared to direct production of W+ jets. We conservatively estimate a prob-
ability of less than 0.26% that the 22 events observed at In(L) > 0 in the signal sample are
entirely due to a statistical fluctuation of the background. A large fraction of these events
are b-tagged, as expected from top production. The probability that the observed b-tagged
events in the kinematically selected “top like” region are due to a background fluctuation
is less than 1x10~* [14]. These results confirm the previously reported evidence [4] that
tt production can be observed using the jet transverse energy distributions of W+ > 3
jet events, and that by appropriate kinematic selection we can obtain a sample of events
significantly enriched in ¢t .
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